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Weak-localization (WL) measurements were performed in a Bi cluster-decorated graphene sheet. The
charge concentration was kept constant, and the amplitude of the conductance correction was sup-
pressed after the Bi-cluster deposition. Detailed WL data were obtained while the gate and temperature
were changed. Using E. McCann’s formula, the spin-relaxation time was extracted, which was found
to increase with the elastic scattering time. This is attributed to the Elliott–Yafet spin relaxation and
Kane–Mele type spin–orbit coupling (SOC). The SOC strength was enhanced to 2.64 meV as a result
of the ﬁrst deposition. The coverage eﬀect is discussed according to the measurement after the second
deposition.
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1 Introduction
Numerous eﬀorts have been directed towards enhanc-
ing the intrinsic spin–orbit coupling (SOC) strength
of graphene-based systems for potential applications
in quantum spin Hall (QSH) devices, in which it is
possible to realize dissipationless spin/charge transport
by exploiting the strong topological protection arising
from the anomalous electronic structures [1]. Several
approaches have been suggested, such as utilizing the
proximity eﬀect in graphene/strong SOC material het-
erostructures [2–4], the hydrogenation and ﬂuorination
of graphene [5, 6], and depositing certain heavy adatoms
on graphene [7–10]. Experimentally, angle-resolved pho-
toemission spectroscopy did not reveal an SOC gap in
epitaxial Bi2Te2Se on chemical vapor deposition (CVD)-
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grown graphene [11]. Scanning tunneling microscopy/
spectroscopy revealed a large spin–orbit splitting of the
graphene Dirac states up to 80 meV in CVD-grown
graphene/Bi2Se3 van der Waals heterostructures, but
there were strong spatial ﬂuctuations of the transferred
SOC in graphene both in energy and crystal momen-
tum [12] Graphene that is covalently bonded with small
amounts of hydrogen atoms exhibits a large SOC en-
hancement, i.e., 2.5 meV, which is ascribed to the con-
version of the bonding condition from sp2 to sp3 [13].
Graphene that adsorbs Cu/Au adatom clusters has an
SOC as high as 20 meV, giving rise to a giant spin Hall
eﬀect, because these Cu/Au adatom clusters function
as local spin–orbit scatterers and induce transverse spin
currents with an enhanced skew-scattering contribution
[14]. Recently, the interaction between the adatom clus-
ters and the vacancy defects of graphene was predicted
to induce a robust SOC [15, 16]. The spin state originat-
ing from the interaction between adatoms and vacancies
was observed via electron spectroscopy [17]. Herein, we
report transport measurements of graphene before and
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after the deposition of Bi clusters. Analysis of the weak-
localization (WL) data at various back-gate voltages and
temperatures revealed that the spin relaxation was dom-
inated by the Elliott–Yafet mechanism and that the cor-
responding Kane–Mele type SOC was enhanced to 2.64
meV by the ﬁrst deposition. The coverage eﬀect is dis-
cussed according to the measurement after the second
deposition.
2 Experiments
The graphene sample was grown via CVD on Cu foils.
Subsequently, the Cu was etched in an FeCl3 solu-
tion and transferred onto a Si/SiO2 substrate using the
polymethyl methacrylate (PMMA)-assisted wet-transfer
method [18]. Then, the PMMA was removed by acetone.
The transferred samples were annealed in an Ar/H2
(93:7) environment at 300 C for 3 h to remove the
residual organic contaminants. Electrode probes with 5
nm thick Ti and 40 nm thick Au ﬁlms were made using
the liftoﬀ procedure and electron-beam evaporation, as
shown in the inset of Fig. 1(a). The devices were annealed
in an Ar/H2 (93:7) environment at 300 C for 3 h to re-
move the residual photoresist. The monolayer graphene
was identiﬁed via Raman spectroscopy at room temper-
ature. The transport measurement in each process was
performed in a Janis refrigerator that had a base temper-
ature of 5.5 K and was equipped with a 5 T superconduc-
tor magnet. The Keithley 6221 alternating- and direct-
current source and a Keithley 2182A nanovoltmeter were
utilized to measure the source current and voltage. The
excitation current was 1 A. The back-gate voltage was
supplied by a Keilthley 2400 sourcemeter. The beam of
the Bi clusters was generated in a gas-aggregation clus-
ter source [19, 20]. The surface morphology of the Bi
cluster-decorated graphene was characterized via atomic
force microscopy (AFM) (Asylum Research Cypher S).
3 Results and discussion
3.1 Inﬂuence of Bi clusters on transport behavior of
graphene
Figure 1(a) shows the Raman spectrum of the pristine
graphene. The 2D/G peak ratio is 2.07. According to
the Lorentz ﬁtting to the Raman data, the full width
at half maximum of the 2D peak was 29.9 cm 1. This
conﬁrms the presence of monolayer graphene. The de-
fects in this graphene are conﬁrmed by the large D/G
peak ratio of 0.65. Figure 1(b) shows the temperature
dependence of the longitudinal resistance (R–T ) of the
graphene device before (C0) and after the ﬁrst Bi-cluster
deposition (C1). The overall metallic behavior of the
R–T curves is observed, which agrees with a previous re-
port [21]. Figure 1(d) shows the relationship between the
longitudinal resistance and the back-gate voltage (R–Vg)
before and after the Bi-cluster deposition. The pristine
and Bi cluster-decorated graphene were p-doped. Using
Hall measurements, we obtained the charge density as
n = 1/(qRH), where q is the electronic charge, and RH
is the Hall coeﬃcient obtained by ﬁtting Rxy  B(T )
with the linear curve at a low magnetic ﬁeld (1 T). As
shown in Fig. 1(e), the decoration of Bi clusters reduced
the hole-doping level of the graphene. The carrier mo-
bility of the device was obtained as  = /(nq), where
 is the conductivity, as shown in Fig. 1(f). After the
Bi-cluster deposition, the carrier mobility was reduced
because the clusters contributed scattering centers, as
reported in previous experiments [22–24]. The trans-
port parameters of the graphene before and after the
Bi-cluster deposition are detailed in Table 1.
3.2 Inﬂuence of Bi clusters on WL of graphene
WL is a phase-coherent backscattering eﬀect resulting
from the interference of a closed path with its reversed
counterpart. The chiral carriers and nontrivial Berry
phase [25] in the monolayer graphene lead to its intrin-
sic weak antilocalization (WAL). However, the interplay
between the lattice, valley, and spin degrees of free-
dom, as well as the relative strength of diﬀerent types of
symmetry-breaking scattering, gives rise to the regimes
of WL andWAL behavior [26–28]. At a low temperature,
the WL may be sensitive to the presence and nature of
the SOC. E. McCann developed a theory for analyzing
the WL in graphene, considering the SOC [26, 27]. Ac-
cording to this theory, both the Bychkov–Rashba SOC
and the Kane–Mele SOC inﬂuence the WL. If Bychkov–
Rashba SOC is present, this tends to induce WAL in
graphene, but if intrinsic Kane–Mele SOC prevails, the
WL is suppressed [29, 30]. The following formula is
adapted from the low-ﬁeld magnetoresistance formula
proposed by E. McCann,
Table 1 Parameters for the device before (C0) and after
the ﬁrst (C1) and second deposition of Bi clusters (C2). The
resistance R was measured at room temperature, whereas the
charge concentration n, mobility , elastic scattering length
le, and diﬀusion coeﬃcient D were measured at 5.5 K.
R (
) n (1012 cm 2)  (cm2V 1s 1) le (nm) D (cm2s 1)
C0 320.7 4.0 1631.0 38.0 190.0
C1 334.4 3.9 1256.5 25.2 126.1
C2 880.9 3.5 396.3 9.9 49.4
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Fig. 1 Structural and transport characterization of the device. (a) Raman spectrum of pristine graphene and its schematic
conﬁguration. The red dashed line represents the Lorentz ﬁtting. (b) Resistance with respect to the temperature for C0,
C1, and C2. (c) AFM image of C2, where the clusters are approximately 7 nm in size. The scale bar represents 200 nm.
(d) Resistance with respect to the back-gate voltage (Vg) for C0, C1, and C2. (e) Carrier density of C0, C1, and C2 plotted
with respect to the back-gate voltage. (f) Mobility of C0, C1, and C2 plotted with respect to the back-gate voltage.
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Here, F (z) = ln z +  (1⁄2 + 1⁄z), B';i;;BR;KM =
[~c⁄(4De)] 1';i;;BR;KM;  is the digamma function, D is
the diﬀusion coeﬃcient,  1' is the inelastic dephasing
rate,  1 is the intravalley symmetry-breaking scatter-
ing rate,  1i is the intervalley scattering rate,  1BR is
the extrinsic Bychkov–Rashba spin-relaxation rate, and
 1KM is the intrinsic Kane–Mele spin-relaxation rate. The
Bychkov–Rashba SOC requires the breaking of the mir-
ror symmetry in the graphene plane, which can destroy
the QSH state [31–33]. On the other hand, the in-
trinsic Kane–Mele SOC satisﬁes a full invariant of the
transformations of the point group, which can favor
the existence of the QSH state. The Bychkov–Rashba
SOC produces spin relaxation in the graphene through
the D’yakonov–Perel mechanism, whereas the intrinsic
Kane–Mele SOC causes spin relaxation in the graphene
through the Elliott–Yafet mechanism [34]. The corre-
sponding spin-relaxation rates are related to the SOC
strength according to the equations  1BR = 2p2BR⁄~2
and  1KM =  1p (KM/"F )2, where the elastic scattering
rate is  1p = 2e2vF
p
n⁄(h).
By tuning the back gate, we set the charge concentra-
tion of the graphene device as 4 1012 cm 2 before and
after the Bi-cluster deposition. Then, the low-ﬁeld mag-
netoconductance (MC) data for pristine and Bi cluster-
decorated graphene at the same charge concentration
were compared, as shown in Figs. 2(a) and (b). The sharp
dip of MC near 50 mT and the decreasing amplitude with
the increasing temperature indicates the WL eﬀect. The
MC data for pristine graphene at 50 K are not good, be-
cause the WL at this temperature was suppressed, and
the noise was large. Obviously, with the Bi-cluster de-
position, the WL at the same temperature decreased.
This reveals the suppression of WL, indicating that the
dominant SOC was the intrinsic Kane–Mele type. In
a recent experiment, the electronic structure and spin–
orbit splitting in graphene/Ni(111) intercalated with a
high spin–orbit Bi material were studied via angle- and
spin-resolved photoemission. The Rashba spin splitting
of the Dirac cone is nearly zero. This is ascribed to the
peculiar electronic structure of Bi, which has a valence
band with no d electronic states responsible for the onset
of giant Rashba eﬀect through electronic hybridization
with the  band of graphene [35]. Thus, it is reasonable
for us to only consider the inﬂuence of the Kane–Mele
SOC on the WL. We neglect the Bychkov–Rashba terms,
reducing Eq. (1) to the following form:
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Fig. 2 WL analysis of the device at various temperatures and the same carrier density under three conditions. (a–c) WLs
of C0, C1, and C2, respectively, with the same charge concentration at various temperatures. The conductance correction is
suppressed by nearly 50% after the second Bi-cluster decoration. (d–f) L' decreases as the temperature increases, because
of electron–electron interactions. Li and L do not change as the temperature increases.
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Fitting the WL data in Figs. 2(a) and (b) with this equa-
tion yields some parameters — L';i; =
p
D';i; — as
shown in Figs. 2(d) and (e). The inelastic dephasing
length L' decreases with increasing temperature, which
is attributed to electron–electron interactions. The inter-
valley scattering length Li and the intravalley scattering
length L do not change as the temperature increases,
because the scattering centers remain stable during the
measurement [36–38].
The WL data for the graphene device before and after
the Bi-cluster deposition were compared systematically
at various temperatures and back-gate voltages. The
low-ﬁeld MC of the device before and after Bi-cluster
deposition at a series of back-gate voltages with a ﬁxed
temperature of 5.5 K is shown in Figs. 3(a) and (b). The
changes of the characteristic lengths L', Li, and L are
shown in Figs. 3(d) and (e).
3.3 Strength change in spin–orbit interaction caused by
Bi-cluster deposition
According to E. McCann’s WL theory, determining the
elastic scattering time and the spin-relaxation time at
a series of charge concentrations results in a trustwor-
thy ﬁt to KM = p("F /KM)2, which eventually gives
the strength of the spin–orbit interaction. The extracted
spin-relaxation times of the graphene before and after
Bi-cluster deposition are plotted in Figs. 4(a) and (b).
For pristine graphene, the spin-relaxation time reaches
1500 ps, which shows the superiority of graphene as a
spin-transport material. The spin-relaxation time mono-
tonically increases with the increase of the elastic scat-
tering time, which is a characteristic of Elliott–Yafet
spin relaxation. Therefore, we ﬁt the data according
to KM = p("F /KM)2, where KM is the strength pa-
rameter of the SOC causing the spin relaxation, and "F
is the chemical potential compared with the Dirac point.
Good ﬁtting is achieved at all the temperatures, as shown
in Figs. 4(a) and (b). Thus, we determine the eﬀective
SOC strength of our graphene device before and after
Bi-cluster deposition. The SOC strength increases with
the temperature. The temperature-dependent SOC is
attributed to the extrinsic SOC because it arises from
the temperature-dependent electronic scattering caused
by the impurity centers [39, 40]. In the inset of Fig. 4(d),
we plot the temperature-dependent gap with respect to
the temperature. All the data points are close to the
ﬁtting curve, which can be extrapolated to zero temper-
ature. These indicate the temperature-independent SOC
strength, which is attributed to the intrinsic SOC. The
temperature-independent SOC strengths of pristine and
Bi cluster-decorated graphene are 0.91 and 2.64 meV,
respectively.
3.4 Coverage eﬀect of Bi clusters
In theories and experiments regarding adatoms on the
graphene, the size of adsorbed heavy metal nanoclusters
Fig. 3 WL analysis of the device with a varying gate voltage under three conditions. (a–c) WLs of C0, C1, and C2,
respectively, with various gate voltages at 5.5 K. The conductance correction is greatly suppressed when the Fermi level is
moved near the Dirac point, because of the suppressed electronic screening. (d–f) Characteristic lengths obtained by ﬁtting
the WL data with respect to the back-gate voltage.
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Fig. 4 Kane–Mele spin relaxation and its relationship with the SOC. (a–c) KM and p"2F data ﬁtted using KM = p( "F )2,
yielding the SOC strength of C0, C1, and C2, respectively. (d)Kane–Mele-type SOC strength with respect to the temperature
and the linear ﬁts.
or the coverage of adatoms is often considered [7, 22,
41, 42]. After the ﬁrst Bi-cluster deposition, the cluster
coverage is low, as indicated by the 4.2% change in the
resistance at room temperature. The interaction between
the Bi clusters and vacancy defects may increase the SOC
strength. For investigating the relationship between the
SOC enhancement of the graphene and the Bi-cluster
coverage, we deposited Bi clusters on the graphene de-
vice again. After the second Bi-cluster deposition (C2),
the overall metallic behavior was indicated by the R–T
curve, but the longitudinal resistance at room tempera-
ture increased by 163.4%. This is attributed to excessive
clusters inducing numerous scatterers, as shown in the
AFM image. Figure 1(c) shows the surface morphol-
ogy. The typical size of the Bi clusters was approxi-
mately 7 nm. The areal cluster density was approxi-
mately 2  1011 cm 2, and the distribution of the Bi
clusters deposited on the graphene was not very uni-
form, owing to the fusion and growth of the clusters.
The Bi clusters generated by a gas-aggregation cluster
source were deposited on the graphene with a low kinetic
energy. The deposition chamber was at room tempera-
ture, and the Bi clusters had enough energy to overcome
the diﬀusion barrier. Thus, small clusters aggregated
and coalesced into larger cluster [43]. The defects of the
graphene sheet functioned as nucleation centers for the
cluster growth, as described in the literature [44]. The
density of hole carriers was lower than that of graphene
after the ﬁrst Bi-cluster deposition; thus, electrons were
transferred from the Bi clusters to the graphene. Be-
cause of the high coverage of Bi-cluster scatterers, the
carrier mobility decreased to 400 cm2V 1s 1. The
WL is also observed in the MC, as shown in Fig. 2(c),
where the WL is approximately half as strong as that
of pristine graphene. Via the measurement of the WL
at diﬀerent gate voltages in Fig. 3(c), we obtained the
spin–orbit interaction strength by using the aforemen-
tioned method. The extracted spin-relaxation time at
diﬀerent temperatures and back-gate voltages is shown in
Fig. 4(c). The temperature-dependent SOC gap is shown
in Fig. 4(d), indicating that at a high coverage of Bi
clusters, the temperature-independent Kane–Mele SOC
strength decreased to 1.05 meV, which is close to that
for pristine graphene. The competition between defect-
cluster interaction and the fusion of clusters may explain
this phenomenon. After the ﬁrst Bi-cluster deposition,
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the clusters had low coverage, and small clusters inter-
acted with the defects of the graphene, such as vacancies.
However, after the second deposition, small clusters ag-
gregated and coalesced into larger clusters [43]; thus, the
interaction between the clusters and the defects of the
graphene decreased, and the Kane–Mele SOC strength
decreased. According to the slope of the linear ﬁtting
in Fig. 4(d), the temperature dependence of the SOC
strength is similar in the graphene with low and high Bi-
cluster coverage, because the cluster-induced scattering
is dominant compared with the intrinsic scattering.
4 Conclusion
We investigated the eﬀect of Bi clusters on WL and the
spin–orbit interaction of a graphene sheet. While the
charge concentration was kept constant, the amplitude of
the MC correction was suppressed after the Bi-cluster de-
position. Detailed WL data were obtained while the gate
and temperature were changed. Fitting the WL data
with E. McCann’s formula yielded the spin-relaxation
time for the graphene. The spin relaxation process
followed Elliott–Yafet mechanism, originating from the
intrinsic Kane–Mele SOC. The SOC strength was en-
hanced to 2.64 meV by the ﬁrst Bi-cluster deposition.
The coverage of Bi clusters aﬀected the resistance, car-
rier density, mobility, and WL of the graphene device.
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